We have devised a combinatorial method, restriction endonuclease protection selection and amplification (REPSA) (Fig. 1B) . Protection from endonuclease cleavage is a well-proven method for assaying DNA-ligand binding (13) (14) (15) . In REPSA, a restriction endonuclease that cleaves at a site distal from its recognition sequence is used to selectively cleave unbound DNA, while DNA complexed with ligand is protected by occlusion of the cleavage site. Selection, therefore, can be performed in solution under mild conditions. Because the only requirement for the ligand is that it be able to block cleavage, no prior knowledge of the characteristics of the ligand is needed.
Strategies for identifying consensus nucleic acid binding sequences involving multiple rounds of ligand-nucleic acid complex selection from a pool of random oligonucleotides followed by amplification of the selected sequences have proven to be a powerful means of identifying specific ligand binding sites. These combinatorial approaches, also termed CASTing (1) , in vitro genetics (2) , or directed molecular evolution (3) , have been used to determine sequence requirements of several types of ligand-nucleic acid interactions, including protein-DNA (4-7), protein-RNA (8, 9) , RNA-small molecule (10) , DNA-small molecule (11) , and RNA-DNA triplexes (12) .
A flow diagram depicting an archetype combinatorial approach is shown in Fig. 1A . A population of nucleic acids containing a region of random sequence is incubated with a ligand under conditions that allow formation of specific ligand complexes. The subset of sequences able to form complexes is then isolated from uncomplexed nucleic acids by a selection method. By using an amplification method such as PCR, this subset of nucleic acids is amplified to an amount suitable for further manipulation. This series of steps, including complex formation, selection, and amplification, constitutes one round of a combinatorial method. Because the ligand-binding sequences usually represent only a very small fraction of the total pool of sequences, and most selection methods provide only a limited degree of enrichment, several rounds are often necessary before the population of sequences capable of ligandspecific interactions constitutes a majority.
A limitation to these techniques arises from the reliance on a physical separation of ligand-bound from unbound nucleic
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acids. Included are methods that exploit the different physical properties of the ligand-nucleic acid complex, e.g., reduced electrophoretic mobility and an electrophoretic mobility shift assay (6, 7) or increased hydrophobicity and filter binding (4, 8) . Alternatively, affinity methods, including immunoprecipitation (5, 9) and matrix-immobilized ligands (10) (11) (12) (Fig. 1B) . Protection from endonuclease cleavage is a well-proven method for assaying DNA-ligand binding (13) (14) (15) . In REPSA, a restriction endonuclease that cleaves at a site distal from its recognition sequence is used to selectively cleave unbound DNA, while DNA complexed with ligand is protected by occlusion of the cleavage site. Selection, therefore, can be performed in solution under mild conditions. Because the only requirement for the ligand is that it be able to block cleavage, no prior knowledge of the characteristics of the ligand is needed.
We have used REPSA to investigate the spectrum of duplex DNAs capable of specifically interacting with a single-stranded oligodeoxyribonucleotide through purine-motif triple-helix formation. Purine-motif triplexes form when a purine-rich oligonucleotide binds in an antiparallel orientation to a run of purine acceptors in the major groove of duplex DNA. Base triplets in this motif include G-GC, A-AT, and T-AT (16, 17) , where the convention is the nucleotide in the third strand hydrogen bonds to (.) the purine acceptor in the duplex DNA. Through REPSA we were able to determine the consensus duplex sequence recognized by a purine-motif triplex-forming oligonucleotide, the major and minor base triplets involved, the average length of duplex DNA (20) . Duplex DNA sequences were selectively cleaved while DNA sequences involved in triplexes were protected from cleavage. After challenge with Bsg I, the remaining intact DNAs were amplified by PCR using the RPR and RPL primers. We found that amplification should be limited to nine or less cycles to prevent the formation of "bubbles," template strands annealed with mismatched cassettes that arose when the PCR consumed a significant proportion of the available primers. In each round of enrichment, three sets of PCRs were performed for each selection temperature. In addition to amplification of the triplex selection described above, control amplifications where either ODN1 or both ODN1 and Bsg I were omitted from the REPSA protocol were performed to give the maximum (ODN1-, Bsg I-) and minimum (ODN1-, Bsg I+) possible levels of amplified DNA. By comparing relative levels of DNA amplified in the triplex selection (ODN1+, Bsg I+) to these controls, the progress of enrichment could be monitored.
In the first 10 rounds of enrichment, amplified DNA levels in the triplex selection lanes were similar to the levels observed in the ODN1-, Bsg I+ control lanes, indicating that the percentage of templates capable of forming triplexes was below the detection limit of our cleavage protection assay (round one shown, Fig. 3A) . In round 11, an increase in amplified DNA in the triplex selection lanes was observed relative to the minimum amplification control lanes (1.9-fold for the selection at 30°C; 1.7-fold for 37°C as determined by densitometry, Fig. 3B F2  F7  F9  F12  F13  F16  F19  F20  F21  F22  F24  F27  F28  F29  F32  F35  F36  F38   AGAA   TA   TA   TATG   CA  AGA   ATG   TC   GGTT   AAA   E26  E27  E32  E37  G1  G3  G8  G10  G1l  G12  G13  G20  G21  G22  G23  G26  G28  G29  G33  G34  G36 A, no. C, no. G, no. T, no.
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Proc. Natl. Acad. Sci. USA 93 (1996) the known rules of purine-motif triplex formation (16, 17, 21 Clearly, the G-GC and T-AT base triplets were the consensus base triplets. However, other base triplets were found within consensus triplex-forming sequences. Comparing the frequency of these base triplets to the starting distribution of bases allowed us to determine whether a selective pressure favored any of these nonconsensus base triplets. For our analysis, mismatches were defined as single nonconsensus bases flanked by consensus bases. Of the 11 T-NN mismatches present, two T-TA, four T-GC, and five T-CG mismatches were found, suggesting that no selective pressure favored triplets involving a third-strand T. However, of the six G-NN mismatches present, one G-CG, no G-TA, and five G-AT mismatches were found. Similar results were also found with an independent REPSA experiment where the starting nucleotide concentrations were T, A > G, C (data not shown). Thus these data suggest that the G-AT mismatch emerged due to a selective pressure, e.g., by stabilizing the triplex through the formation of a weak G-A hydrogen bond or through stacking interactions, allowing neighboring bases to better engage in triplex formation.
Other Consensus Sequences. In addition to the REPA pattern indicating triplex formation, two other patterns were observed. Of the 110 colonies assayed, 46 had REPA patterns exhibiting multiple cleavage products (Fig. 4, clone E7 ). Nine representatives from this group were sequenced and found to contain a third Bsg I recognition site in the 3' end of the random cassette region ( In three of the 110 colonies screened, a REPA pattern characterized by a low-mobility ODN1-independent Bsg Icleavage-resistant band was observed (Fig. 4, clone E5 ). These clones were sequenced and found to contain a 5-bp inverted repeat (Table 3) . Possible While the identification of optimal oligonucleotide sequences capable of recognizing a prescribed duplex target is of greater practical concern (e.g., in the development of triplexbased gene therapeutics), our data on the preferred targets for triplex formation by the G/T-rich oligonucleotide ODN1 should aid in defining the parameters governing purine-motif triple-helical interactions. The consensus triplex binding sequence that emerged corresponded to only the 5' end of the binding site, which complements our prior observations that modifications to the 3' end of ODN1 decreased triplex formation to a greater degree than changes in the 5' end (26) . Because the 3' end of ODN1 binds the 5' end of the binding site, the two studies indicate that this asymmetry in binding is not a property of the third-strand or duplex alone, but rather an intrinsic property of purine-motif triplex formation. Indications of a G-AT base triplet within a purine triple helix, while not observed in earlier published reports (21) , are consistent with recent work demonstrating that the G.AT base triplet has the lowest free energy of formation of any of the other G-NN mismatches (27) . An average of 13-base triplets was required for the selection of target sequences, which is similar to our prior determination that 12-base deletion mutants of ODN1 were kinetically better able to form triplexes than ones that were 14, 15, or 19 nt long (26) . This finding was independently confirmed after determining the binding affinities of several representative sequences. Those having 13, 14 , and 15 bases of homology to the consensus had similar apparent affinities; however, one with 12 homologous bases had a 50-fold lower affinity. Thus these data suggest that at least 12 
